Abstract Personalized genomic medicine and surgery (PGMS) represents a new approach to health care that customizes patients' medical treatment according to their own genetic information. This new approach is the result of increased knowledge of the human genome and ways this information can be applied by physicians in the medical and surgical management of their patients. A patient's genotype can yield important information concerning disease susceptibility and the effectiveness of medications, therefore guiding specific, targeted imaging and treatment therapies. This review summarizes major achievements of human genomic studies and applications of genomics in health care. Five years ago we developed a model for the development of PGMS in which genomic profile guides choice of therapy. In this article we discussed our progress, including an updating of the model, and a future vision of PGMS.
Introduction
The Genomic and Personalized Medicine Act of 2007 was intended to provide funding for the advancement of this new healthcare initiative [1] and by 2008, the president's Council of Advisors on Science and Technology (PCAST), provided a comprehensive definition of personalized medicine stating that it:
...refers to the tailoring of medical treatment to the individual characteristics of each patient. It does not literally mean the creation of drugs or medical devices that are unique to a patient, but rather the ability to classify individuals into subpopulations that differ in their susceptibility to a particular disease or their response to a specific treatment. Preventive or therapeutic interventions can then be concentrated on those who will benefit, sparing expense and side effects for those who will not [2] .
The United States Department of Health and Human Services (HHS) also has acknowledged the importance of this new method of health care through the issuance of their Personalized Health Care directive aimed at increasing the usefulness and application of genomic knowledge [3] . Ginsburg and Willard have described genomic medicine as being a core element for the creation of a personalized health care in which physicians use information from an individual's genome and its components to influence the decision-making process regarding patient care [4] , thus, minimizing side effects and/or tailoring a treatment for a more successful outcome. Genomic information also can indicate the potential risk for certain diseases before the patient is symptomatic, prompting a proactive strategy of observation and screening.
Personalized genomic medicine will further classify many complex diseases and lead to the discovery of more specific treatments based on the genomic profiling, eliminating some traditional treatments that could prove ineffective or have undesirable side effects in certain patient populations. For example, 20-75% of patients could fail to respond to many commonly used drugs [5] . Just as the effectiveness of a particular medication is often based on characteristics specific to an individual, such as the rate at which the medication is metabolized or the causal factors of the disease, it is clear that differences in the genomes of individuals would likewise affect the effectiveness of medication. Based on the analysis of an individual genome, medication selection tailored to the patient's genomic indications would improve clinical outcomes. The goal of personalized genomic medicine is to ensure that patients receive a personalized diagnosis and treatment, and to accomplish it at an efficient, cost-effective manner.
This review summarizes major achievements of human genomic studies and applications of genomics in health care. This new health care model is of critical importance to surgeons, who have access to human disease tissues for genomic analysis, as well as the need to apply genomic information to improve the outcomes of their operations. We have therefore updated our model, now renamed the GIFT (genomic, imaging, function, and therapy) Model for Personalized Genomic Medicine and Surgery (PGMS). The vision of the development of PGMS is discussed here.
Studies of the human genome
While glimpses of the revolutionary scientific work to come were revealed in a White House ceremony in the millennial year 2000, it was not until 2003 that the Human Genome Project was complete [6, 7] . In the10-year period following that initiating ceremony the study of genomic science experienced rapid expansion and discovery [8] . Building on the success of the Genome Project, the International HapMap (Haplotype Map) Project was begun [9] [10] [11] in an effort to discover single nucleotide polymorphisms (SNPs) and copy number variations (CNVs). Data from this project were released in three stages over a period of seven years (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) ). Researchers compiled a list of data revealing frequently-found SNPs and CNVs in four human populations. Single nucleotide polymprphisms are present when a single variation of alleles, usually two, occurs in the DNA sequence on one of two paired chromosomes. When sets of these SNPs are found in close proximity to one another on the same chromosome, they are termed haplotypes; groups of haplotypes are further classified into haplogroups. The presence of certain SNPs can identify someone as having a greater propensity for developing certain diseases, thus underscoring the importance of this mapping project to the advancement of personalized genomic health care. The HapMap Project was designed to uncover these common genetic variants that have become extensively applied to the investigation of varying diseases in what are termed genome-wide association studies (GWAS). For example, SNPs in the gene, apolipoprotein E (ApoE), are associated with varying alleles (e2, e3, and e4) that, depending on which allele has been inherited, either increases (e4) or decreases (e2) an individual's chance for developing Alzheimer's disease [12] [13] [14] [15] . While research into SNPs continues to expand, there are presently over 500 identified genomic regions linked to an increased risk for various diseases [16] .
While similar to SNPs in that they have been linked to disease vulnerability or resistance, CNVs encompass a more extensive area of the genome (nearly 10 times that of SNPs) [17] that has been either removed or strengthened, resulting in a variation of the copy number among individuals or between normal and diseased tissues. Discovered after completion of the Human Genome Project [18, 19] , the causes of CNVs have been established as either heredity or de novo mutation [20] . Because CNVs often contain entire genes or even more than one gene, they could greatly influence a number of healthcare-related factors including the likelihood that a given person will develop certain diseases or gain benefit from certain medications [21, 22] . Indeed, CNVs have been associated with an increasing number of diseases [23] . For example, individuals with a higher copy number of CCL3L1 showed lower susceptibility to human immunodeficiency virus (HIV) infection [24] ; whereas individuals with a low copy number of FCGR3B (the CD16 cell surface immunoglobulin receptor) can have increased susceptibility to systemic lupus erythematosus and similar inflammatory autoimmune disorders [25] .
Advances in DNA sequencing technology have increased efficiency and lowered costs. These rapid advances have allowed sequencing of whole human genomes such as that of Archbishop Desmond Tutu of South African [7] ; James Watson [26] , Nobel laureate and co-discoverer of the DNA double helix; Craig Venter [27] , co-author of the human genome sequence, and several others [28] [29] [30] .
In 2008 a new genetic mapping consortium project was set underway and called the 1000 Genomes Project [16] . This project aims to sequence the genome of 1,000 individuals to identify the most common (C1% of populations studied) genetic variants that will then be compiled into a comprehensive database available to researchers. Any two humans are at least 99.9% identical in DNA sequence (excluding the copy number variation mentioned above). This is remarkable given the uniqueness experienced among the human species and it underscores the importance of the differing genetic material, regardless of its implied numeric value. A primary goal of the 1000 Genomes Project is to create a detailed map of common SNPs as well as rare SNPs occurring in the range of 1-5% of the population.
Genomics and clinical risk factors
In 2006, scientists predicted that the cost of sequencing an individual genome would fall to a price of around $1,000, commonly referred to as ''the $1,000 genome'' with the advent of new DNA sequencing platforms [31] . The high cost of personalized genomic medicine and surgery remains an impediment to its widespread clinical application for the general population; however, as new sequencing technologies, termed ''next-gen'' platforms, continue to improve, associated costs are falling. It is not beyond the realm of possibility that a personal genome sequence will become a future standard component of every patient's medical records. As previously discussed, genomic information can affect health care in many ways. Genomic variability could signal the risk of certain diseases before clinical signs and symptoms appear. Accordingly, strategies of prevention and early intervention can be planned. For example, Farmer and colleagues and Venkitaraman have shown that two genes (BRCA1 & 2) are of critical importance to fundamental cell processes [32, 33] and that mutations of these genes contribute to tumorigenesis in breast and ovarian tissues. In a study by Roukos and Briasoulis the mean lifetime risk for breast cancer in women ranges between 10 and 14% in Europe and the United States [34] , whereas women with germline BRCA mutations have a 36-85% lifetime chance of developing breast cancer (BRCA1 or BRCA2) [35] [36] [37] . Additionally, variants of these genes increase a woman's chance of developing ovarian cancer to between 25 and 60%; a stark contrast to a reported 1.7% risk among women who do not carry these variants [34, 38] . These genomic risk analyses currently guide clinical decision making about aggressive surveillance programs such as increased frequency of mammography or even prophylactic surgery, including mastectomy and removal of the ovaries. Similarly, the protein products of MLH1 and MSH2 genes help to repair mistakes made in DNA replication. People with mutations in MLH1 and MSH2 genes may have a high risk for colon cancer. Therefore, Wiesner et al. have recommended that these patients undergo early and regular screening colonoscopy in an effort to increase the chances for early detection of the disease [39] . Although recent GWASs have linked many chronic diseases and prevalent cancers to genetic indicators [40] , further studies are needed to determine the extent to which the data obtained will translate into practical clinical contributions for patients.
Genomics and drug metabolism
Drug selection is a major benefit of personal genome data. Having prior knowledge regarding the suspected efficacy, or lack thereof, of a particular drug for a particular patient gives physicians a marked advantage in selecting appropriate therapies and improving outcomes while minimizing side effects and toxicity. The National Center for Biotechnology Information (NCBI) defines the term pharmacogenomics as ''a science that examines the inherited variations in genes that dictate drug response and explores the ways these variations can be used to predict whether a patient will have a good response to a drug, a bad response to a drug, or no response at all'' [41] . For example, warfarin (Coumadin), a widely used anticoagulant, is also known to have unfavorable side effects. There are genetic variants in two genes that are known to influence the turnover of warfarin. One of these genes (CYP2C9*) encodes an enzyme that is responsible for metabolic clearance of the drug. Three alleles of this gene (CYP2C9*1, CYP2C9*2, and CYP2C9*3) contain genetic variants causing a reduced clearance rate [42] and are thought to contribute to associated bleeding complications. The second gene (VKORC1) contains specific SNPs that make it less susceptible to suppression by warfarin (warfarin resistance) [43, 44] . Armed with this knowledge, the U.S. Food and Drug Administration (FDA) has encouraged physicians to use genetic testing when estimating ''reasonable warfarin'' dosing for their patients [45] . Another example of applied pharmacogenomics can be seen with the use of tamoxifen, an antagonist of the estrogen receptor in breast tissue used for over 30 years as the standard anti-estrogen treatment for breast cancer [46] . As a prodrug, tamoxifen requires several cytochrome P450 enzymes to produce the active metabolite endoxifen. CYP2D6, the primary enzyme responsible for this conversion, is associated with several known SNPs, some of which yield a reduced capacity for conversion, while others are characterized by an increased capacity [46] . Patients with reduced-capacity SNPs convert lesser amounts of the active metabolite, therefore, leading to underdosing and the possibility of a lessened response to treatment [47] . CYP2D6, along with another P450 enzyme, CYP2C19, are known to be responsible for the metabolism of nearly 25% of all prescription drugs [48] , therefore, the FDA has approved the RocheAmpliChip CYP450 test to help physicians determine adequate dosing strategies. Additionally, the FDA has approved inserts extolling the benefits of genetic testing for certain pharmaceuticals in which known genetic variants may bear weight on dosing or therapy recommendations [49] .
Genomics and molecular targets Molecular targets discovered from genomics and gene expression levels have been successfully translated into clinical use. For example, patients with breast cancer often undergo testing to ascertain the expression levels of estrogen and progesterone receptors in an effort to better determine the individual's response to tamoxifen [50] . About 30% of breast cancer cases showing overexpression of human epidermal growth factor receptor 2 (ERBB2) also had less favorable outcomes [51, 52] . In 1998 a diagnostic test for ERBB2 overexpression was developed, along with a humanized monoclonal antibody, trastuzumab (Herceptin), against the extracellular domain of ERBB2. Together, these have been successfully used to treat patients with HER2-positive breast cancer [53] . Further clinical studies have shown that trastuzumab therapy also is effective in an ERBB2-positive subpopulation of gastric cancers [54, 55] .
The Philadelphia chromosome is a translocation between chromosomes 9 and 22 that has been linked to 95% of chronic myelogenous leukemias (CML) [56, 57] . The translocation results in the BCR-ABL oncogene, encoding a membrane-associated tyrosine kinase. An inhibitor Imatinib (Gleevec) was discovered to block BCR-ABL and specifically target CML cells [58] . Since 2001, Gleevec has been the principal treatment for CML [59] .
Gefitinib (Iressa) is an epidermal growth factor receptor (EGFR) tyrosine kinase inhibitor that is characterized by its sensitivity to non-small-cell lung cancers with mutations in the EGFR tyrosine kinase domain [60] [61] [62] [63] . Reserved for only non-small-cell lung carcinoma (NSCLC) patients with at least one previous chemotherapy regimen, Erlotinib also inhibits EGFR tyrosine kinase, and two anti-EGFR monoclonal antibodies [Erbitux (cetuximab) and Vectibix (panitumumab)] have been introduced as therapies for metastatic colorectal cancer [64] . These two antibodies are more effective in treating to the cancer with wild-type KRAS [65, 66] . A randomized trial assessment of response to wild-type p53 gene replacement in patients with recurrent squamous cell cancer of the head and neck region who had low expression of a mutant p53 gene or no evidence of a p53 gene mutation resulted in significantly improved survival rates compared to with the survival seen after p53 gene replacement in patients who had demonstrated higher expression of a mutant p53 gene [67] . Thus, the genotype of several genes can predict response to therapy.
Targeted therapies are beginning to be developed for other, non-cancerous diseases [68] . For example, a chemokine receptor CCR5 inhibitor called maraviroc (Selzentry) has been developed for the treatment of HIV infection [69] . Human immunodeficiency virus can use either CCR5 or CXCR4 as a co-receptor to bind and enter a human macrophage and/or T lymphocyte [70] , but maraviroc is limited to CCR5 tropism, which is determined by diagnostic assay (Trofile).
Personalized genomic medicine and surgery
While remarkable discoveries have been made through genomic sequencing, its progress was hindered by the lack of a practical model of personalized genomic medicine and surgery in which the information gleaned from genomics could be readily translated into clinical care. Therefore, the leadership of the Human Genome Sequencing Center and the Michael E. DeBakey Department Surgery at Baylor College of Medicine (BCM) previously developed its model for Personalized Genomic Medicine and Surgery (PGMS) and began implementing its phases. Since its debut approximately five years ago, the model has undergone some revision and restructuring of its phases (Fig. 1) . Our restructured GIFT model for PGMS consists of the following four phases: (1) genomic profiling to identify molecular/genomic targets, (2) the development of imaging diagnostics, (3) the examination of the function of selected molecular targets, and (4) therapies (see Fig. 1 ).
While the key phrase for the model is that ''the genomic profile guides choice of therapy,'' our team began implementation of the model by focusing on phase 1 with the building of a genomic Biobank. To review our progress, we hosted the first ''Molecular Surgeon Symposium on Personalized Genomic Medicine and Surgery (PGMS)'' on April 12, 2008 [71] . The development of our PGMS model was discussed, with emphasis on the creation of a pipeline of tissues from the operating rooms of the BCM-affiliated hospitals into the BCM, as well as establishing our goals for the next 2 years [72, 73] . While we have made substantial advances in the development of the model of Fig. 1 The G.I.F.T. model for personalized genomic medicine and surgery. The model is rolled out in four phases: genomic profile, imaging diagnostics, function of targets, and targeted therapy PGMS, we hosted the second symposium on May 7, 2010, to review our progress and re-establish goals for the next two years. This symposium brought together 19 surgeons, physicians, and scientists from varying disciplines determined to improve the translation of genomic applications to clinical therapies (Table 1 ). An update regarding our progress related to all four phases of the PGMS model was presented, with the most noteworthy accomplishment being the establishment and funding of a biological specimen tissue repository (a Biobank) in the Human Genome Sequencing Center.
Large numbers of patients with different diseases have been enrolled with informed consent. Special consents were designed with Internal Review Board (IRB) approval for patients consenting to the study of their tissues for genomic analyses, including DNA sequencing, epigenetic analysis, RNA microarray, and proteomics. The genomic data generated from these studies led to the identification of genomic targets for patients, as well as the discovery of disease-specific molecular targets. The greatest example was the historic sequencing of the whole genome of a patient with Charcot-Marie-Tooth disease, resulting in the discovery of the gene causing the disease, SH3TC2. This magnificent achievement opened up the era for PGMS [30] . With the generation of enormous amounts of patient-specific genomic information, we must now determine how their genomic profiles guide the choice of therapy using the GIFT model. This update on the progress of PGMS and the means by which to quickly achieve it has resulted in the collaboration of genomic scientists, basic scientists, and clinical scientist-surgeons on coordinating the different phases of the model. It is our hope that the genomic analyses will result in practical diagnostic genomic tests that will guide choice of preventive, standard, and targeted therapies for the positive application to the care of our patients.
Summary
The past decade has brought about an exponential evolution in the sequencing field. These achievements include the original sequencing of the human genome, the sequencing of the whole genome of several individuals, and the successful search for a patient's disease-causing gene using whole genome sequencing. With such a dramatic drop in the cost of entire genome sequencing (now approximately $6,000) it is anticipated that the overall cost will eventually be close to $1,000 within the next few years. Continued cost reduction will make whole genome information readily available to our patients and to us as clinicians. Genomic information can be used to influence patient care in many ways, including prediction of disease susceptibility, risk analysis, determining the effectiveness of medications, and specific targeted imaging and therapy. While it is clear that the progress in DNA sequencing has been extensive over a short period of time, the great challenge before us is to utilize genomic information to guide the choice of therapy for our patients. In order to further develop PGMS, we will continue in our efforts to develop the highest quality BioBank for genomic studies. Whole genome sequencing of patients' blood and tissues will be continued. Several molecular targets will be advanced to preclinical and clinical trials. We will promote educational programs in PGMS and encourage more basic scientists, clinical scientists, surgeons, pathologists, and physicians to participate in PGMS in the different phases of the model, with the ultimate goal being to significantly improve healthcare quality by utilizing personal genomics to guide choice of therapy.
